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We have investigated the response of 3D Bi2Sr2CaCu2O8 vortex
structures to a weak perturbation induced by 2D Fe pinning
structures acting on one extremity of vortex lines. The pinning
patterns were nano-engineered at the sample surface by means of
either a Bitter decoration of the vortex lattice or electron-beam
lithography. The commensurability conditions between 2D rigid
pinning potentials and 3D elastic structures with short-range
positional and long-range orientational correlation have been
experimentally determined. When the 2D potential is a replica of
the nonperiodic vortex structure an amplification of its interaction
with the vortex structure takes place. This effect is detected only
for the first matching field, becoming negligible for other matching
fields. On the other hand, a periodic 2D perturbation is shown to
transform the nonperiodic Bragg glass-like structure into an Abri-
kosov crystal with an effective Debye–Waller factor.

2D pinning potentials � vortex matter

Vortices nucleated in superconductors tend to form ordered
structures. In ideally isotropic samples, free of atomic

crystalline defects, the ground-state vortex structure is the
Abrikosov crystal (1), a periodic elastic lattice with hexagonal
symmetry. However, even high-quality single crystals have a
large density of atomic defects when compared with that of
vortices. The presence of atomic defects interacting with the
vortex system destroys the periodicity of the Abrikosov lattice
and breaks its continuous translational symmetry (2).

The response of an elastic periodic system to the presence of
a dense distribution of pinning centers has been the subject of
sustained theoretical and experimental interest (refs. 2 and 3 and
references therein). The discovery of high-temperature super-
conductors and the experimental study of their vortex structures
triggered a renewed interest in this problem. In recent years a
new type of quasi-ordered structure, the Bragg glass, has been
proposed (4) as the ground state of a vortex system interacting
with a dense random distribution of atomic defects. Within this
model, the long-range positional order of the Abrikosov crystal
is lost but the long-range orientational correlation is preserved
(4). In this hexatic vortex structure no topological defects are
present at zero temperature.

In the case of high-Tc superconductors, it is widely accepted
(2) that a vortex liquid phase is stable at high temperatures as a
consequence of the collective vortex response to the disorder
induced by point defects and thermal energy. When cooling
high-quality superconducting samples in a presence of a mag-
netic field, field cooling, the vortex liquid state transforms into
a vortex solid through a first-order phase transition (5–7). The
structure of the vortex solid at low magnetic fields can be
detected in real space with single-vortex sensitivity by means of
the magnetic decoration technique (8). In the case of the
extremely anisotropic Bi2Sr2CaCu2O8 system studied in this
work, magnetization measurements as a function of temperature
show that the irreversibility line, the temperature at which the
bulk pinning sets in, Ti(H), coincides with, or is very close to, the

melting line (6, 7). As a consequence, despite the vortex deco-
ration being performed at low temperatures, the observed
structure corresponds to that frozen at Ti(H) (9). In this way, the
combination of magnetization measurements (10) and vortex
magnetic decoration (9, 11) makes evident that the vortex
mobility at the liquid–solid-phase transition is large enough to
avoid the formation of grain boundaries.

Taking into account the structural similarities between the
proposed Bragg glass and the detected high-Tc superconductors
vortex structure, the low density of topological defects found in
the last case could be considered as a manifestation of an
out-of-equilibrium feature associated with the freezing of the
structure in field cooling processes (11). This conclusion is
further supported by recent experiments and numerical simula-
tions indicating that the Bragg glass is the equilibrium vortex
phase at low magnetic fields (12–14).

A magnetic decoration image of the Bi2Sr2CaCu2O8 vortex
structure field-cooled at 36 G is shown in Fig. 1a. The Delaunay
triangulation of this structure reveals that a low density of
vortices are involved in topological defects (2% in average) (see
Fig. 1b). Fig. 1c shows the positional correlation function of the
structure, GK(r) (15), obtained from the measured vortex dis-
placements with reference to the sites of a perfect hexagonal
lattice. The correlation function considered in this work is an
average of the positional correlation functions evaluated in the
three principal directions of the vortex structure. The GK(r)
shown in Fig. 1c was calculated in a particularly chosen region
with 1,000 vortices and no dislocations. The space dependence
of the positional correlation function indicates that the
Bi2Sr2CaCu2O8 vortex structure has a positional order¶ consis-
tent with that of the Bragg glass (4).

In previous work we demonstrated (9) that the 2D pinning
potential induced by the Fe clumps produced by a first magnetic
decoration of the Bi2Sr2CaCu2O8 vortex structure, the Bitter
pinning, breaks the translational symmetry of a second vortex
structure nucleated in the first matching condition. Fig. 1d shows
the result of a second decoration of the vortex structure nucle-
ated when field cooling the Bitter patterned sample, from room
temperature down to 4.2 K, at the same magnetic field used in
the first decoration. The observed perfect coincidence between
both structures indicates that the second vortex structure copies
the positions of the Fe clumps, including the location of the 2%
of vortices associated with topological defects. This result was
interpreted (9) as the consequence of an amplification of the
interaction of the vortex structure with the surface pinning
potential in the case of the first matching field.
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¶The analysis of the data makes evident that the vortex system shown in Fig. 1 has
long-range orientational order.
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The matching between the 3D elastic system with short-range
positional and long-range orientational order and the Bitter
pinning is similar to the interaction of a harmonic elastic system
with a commensurate rigid potential (16). On the other hand, the
lack of long-range positional order of both structures makes it
difficult to extend the usual concept of matching to the case of
the interaction between nonperiodic elastic and rigid lattices.
One possible interpretation of the Bitter pinning results is to
consider that matching is a trivial consequence of the individual
interaction of each Fe clump with the extremity of each vortex
string. If this were the case, the pinning energy would be strong
enough to compensate for the elastic energy associated with the
distortions induced at the extremities of vortex strings when
profiting from the pinning sites.

In this article we experimentally investigate the origin of the
commensurability between rigid 2D potentials and 3D elastic
structures with quasi-long-range positional order. We have
been able to detect the conditions for matching between
structures. In addition, we show that the vortex Bragg glass-like

structure is unstable when interacting with a weak 2D periodic
perturbation.

Materials and Methods
The results presented in this article were obtained by studying
the interaction of 3D Bi2Sr2CaCu2O8 vortex structures with 2D
surface pinning potentials, induced by either the Bitter pinning
or periodic patterns of Fe dots. The investigated Bi2Sr2CaCu2O8
single crystals have a platelet shape with �1-mm2 area, 50-�m
thickness, and a critical temperature, Tc, of 86 K.

The Bitter pinning was patterned as described (9) by depos-
iting Fe clumps through a first magnetic decoration of the vortex
structure. The 2D periodic pinning potentials were engineered
in the crystal surfaces by electron beam lithographed Fe dots.
These had a coin shape of �60 nm in height and radii RD varying
between 100 and 200 nm. In this way, perfectly hexagonal
pinning structures with typically 50 � 50 sites were patterned
(covering an area of the order of 50 � 50 �m2) (17). Regions of
the crystal were left free of Fe clumps or dots (pristine regions)
to comparatively study the perturbations induced by both the
superficial and bulk pinning potentials.

In all of the experiments presented in this article the vortex
structure was simultaneously nucleated in pristine and patterned
areas by field cooling the sample with a magnetic field applied
parallel to the c axis of the crystal. The magnitude of B �
�0�(a0�1.075)2, where a0 is the average vortex spacing, was
chosen to have a commensurate density of vortices as compared
with that of Fe dots or clumps, depending on the type of surface
pinning potential investigated. For the particular case of the first
matching field the density of vortices coincides with that of
pinning centers. In the case of the Bitter pinning, this experi-
mental condition was achieved by nucleating the vortex structure
with the same magnetic field applied during the first vortex
decoration; in the case of the periodic pinning patterns it was
accomplished by generating the vortex structure in crystals with
tens of Fe patterns with lattice parameters ah varying in steps of
parts per thousands of a0.

Vortex positions were detected by means of the magnetic
decoration technique (8) consisting of the evaporation of nano-
metric Fe particles that are magnetically attracted to the sites
where vortices merge from the sample surface. In this way,
pyramidal-shaped Fe clumps are deposited in the surface of the
crystal decorating the vortex structure (18). In the experiments
discussed here the vortex structure was field-cooled down to 4.2
K and decorated at this temperature. The clumps depicting
vortex positions were observed by scanning electron microscopy
after warming up the crystal to room temperature. In this way,
the relative displacements of vortices with respect to the centers
of Fe dots or clumps can be detected. The irregular shape of the
Fe clumps decorating vortices allowed us to distinguish them
from the circularly shaped Fe dots of the pinning structure.

Results and Discussion
To investigate whether the amplification effect induced by the
Bitter pinning in the first matching field experiments (9) is a
consequence of an individual vortex response, we decorated
field-cooled vortex structures nucleated in the presence of
commensurate Bitter patterns. In these experiments the density
of vortices is 4 and 1�4 times that of pinning sites (experiments
for matching fields 4 and 1�4, respectively). Fig. 2 a and b shows
decoration results for the case of matching field 4, where the
vortex structure has a density B � 80 G and the Bitter pinning
was generated by decorating a B � 20-G vortex structure. The
result obtained for a matching field of 1�4 is shown in Fig. 2d;
in this case, the vortex structure has B � 20 G and the Bitter
pinning was generated by decorating a B � 80-G vortex struc-
ture. The results reveal that for matching fields 4 and 1�4 a
superposition of vortex and Fe structures is not detected in

Fig. 1. Bi2Sr2CaCu2O8 vortex structure at low fields. (a) Magnetic decoration
of the Bi2Sr2CaCu2O8 vortex structure field-cooled at 36 G. (b) Delaunay
triangulation of the lower-right part of the structure shown in a where first
neighbors are bonded with black lines and the non-6-fold coordinated vorti-
ces are depicted in gray. (c) Positional correlation function of the structure
evaluated in a region with 1,000 vortices without topological defects. (d)
Magnetic decoration of a vortex structure nucleated in the first matching
condition (B � 36 G) with a Bitter pinning structure. It is indicated as an edge
dislocation present in the Bitter pattern and reproduced by the vortex struc-
ture. The extra planes associated to it are indicated by white lines.
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extended regions of the sample. Another way to make this result
evident is found in Fig. 3, which shows the Delaunay triangula-
tion evaluated considering the positions of vortices in the first (20
G) and second (80 G) decorations. As the pinning pattern
presents no topological defects in this region (see Fig. 2c), and
as the 80-G vortex structure has a low density of them (only 1%
of vortices involved), the large number of fictitious topological
defects in the Delaunay triangulation shown in Fig. 3 makes
evident the lack of superposition between structures in extended
regions of the sample. This result is independent of whether the
ratio between the densities of vortices and pinning sites is smaller
or larger than one (softer and harder vortex structures, respec-
tively). On the other hand, the results provide clear evidence of
the collective nature of the interaction between elastic and rigid
structures for the case of the first matching field.

The previous results indicate that the response of the Bragg
glass-like 3D elastic system to the Bitter pinning is equivalent to
that of a harmonic elastic system under the influence of a
commensurate rigid potential only for the first matching field.
They suggest that the concept of a matching condition between
periodic structures could be generalized to systems with quasi-
long-range positional order.

In the case of an ideal Abrikosov lattice the matching condi-
tion is determined by the requirement that the ratio between the

lattice parameter of the elastic system and that of the rigid
potential is a rational number. This condition is univocally
determined by the selection of the adequate magnetic field.
However, the commensurability condition between elastic struc-
tures with quasi-long-range positional order and a rigid potential
is more subtle.

It is interesting to realize that the distortions induced in the
Abrikosov crystal by a dense distribution of bulk pinning centers
are determined by the field-dependent elastic constants of the
lattice. As a consequence, each magnetic field determines a
corresponding positional correlation function GK(r), see for
example Fig. 2e. Although the vortex structures for a given
magnetic field in different experimental realizations have the
same GK(r), the particular positions of vortices in the sample
vary from one experiment to another. The observed perfect
superposition of the distorted elastic vortex structure on top of
the Fe clumps in the first matching field indicates that the Bitter
pinning breaks the degeneracy of equivalent structures in dif-
ferent experimental realizations. Thus, the matching between
structures is accomplished by involving the same deformation as
that already induced in the elastic system by the presence of a
dense distribution of bulk pinning centers. Obviously, this is not
the case for matching fields different from one. In this case, the
experimental results shown in Fig. 2 demonstrate that the
pinning force associated with the Bitter pinning is not strong
enough to induce the necessary extra deformation of the 3D
vortex structure required to match the rigid potential.

The previous results show that the Bitter pinning breaks the
degeneracy of equivalent structures in the case of the first
matching field. Then, it is interesting to ask whether in this case
an equally weak but periodic hexagonal structure of Fe dots
could destabilize the Bragg glass.

The stability of the quasi-long-range positionally ordered
vortex structure under the presence of a 2D periodic hexagonal
perturbation was studied in samples with periodic patterns of Fe
dots generated as described in Materials and Methods. It is
important to remark that the field-cooled vortex structures in the
range of fields we considered have �2% of vortices involved in
dislocations. Thus, the recovery of a periodic hexagonal vortex
structure would imply not only the suppression of the accumu-
lative distortions induced by the bulk pinning but also the
generation of the elastic and plastic distortions required to
remove the topological defects.

Fig. 4 shows the magnetic decoration of a field-cooled vortex
structure nucleated in the neighborhood of a perfectly hexagonal
pinning potential with ah � 0.88 �m and RD � 130 nm in the case

Fig. 3. Delaunay triangulation of the positions of vortices (structure nucle-
ated at 80 G) and pinning sites (structure nucleated at 20 G) of Fig. 2a. The local
lack of coincidence between both structures generates extra positions in the
80-G structure, leading to the fictitious topological defects observed in this
joint triangulation.

Fig. 2. Vortex structure interacting with the Bitter pinning for matching
fields 4y 1�4. (a) Magnetic decoration of the Bi2Sr2CaCu2O8 vortex structure
field-cooled at B � 80 G interacting with a Bitter pinning structure generated
by a first decoration of a B � 20 G vortex structure (fourth matching field
experiments). The pinning sites and vortices correspond to bigger and smaller
Fe clumps, respectively. (b) Zoom-in of the pattern shown in a. (c) Delaunay
triangulation of the Bitter pinning structure shown in a with no topological
defects. (d) Zoom-in of a magnetic decoration of the vortex structure field-
cooled at B � 20 G interacting with a Bitter pinning pattern generated by a
first decoration of a B � 80-G vortex structure (1�4 matching field experi-
ments). In this case pinning sites correspond to smaller Fe clumps, whereas the
vortex positions correspond to the larger Fe clumps. (e) Positional correlation
functions for the B � 80-G and 20-G structures.
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of the first matching field (30.9 G). The decoration image of Fig.
4 is an example of a vortex structure nucleated in pristine regions
with compact planes misaligned with respect to those of the
pinning lattice. As shown in Fig. 4b, this misalignment induces
grain boundaries at the edge of patterned regions. A zoomed
image, as shown in Fig. 5a, shows the distinction of the irregular
Fe clumps of the vortex decoration from the circular Fe dots,
revealing that vortices are localized within the dots in one-to-one
correspondence.

One of the conditions necessary to recover the periodic
structure is accomplished: no dislocations in the vortex structure
were detected in patterned regions, as demonstrated by the
Delaunay triangulation shown in Fig. 4b. This one-to-one cor-
respondence between vortices and Fe dots makes evident the
relevance of the weak periodic potential for transforming the
structure with quasi-long-range positional order into a hexago-
nal lattice. This result implies that the long-range positional
order of the structure is established by a collective response of
the vortex structure nucleated in the presence of periodic
pinning. However, the detected random displacements of vor-
tices with respect to the centers of Fe dots within the limit of RD
indicates the effect of the bulk pinning potential.

The characterization of the positional order of the structure
nucleated in patterned regions is done by analyzing its positional
correlation function. Fig. 5b shows the comparison of GK(r) for
the vortex structures nucleated in pristine (same curve as in Fig.
1c) and hexagonal patterned areas. In the first case GK(r) was

calculated in a region free of dislocations to avoid the local
suppression of the positional order induced by them. It can be
seen that GK(r) in the pristine area decays at long distances with
a functionality consistent with the quasi-long-range positional
order characteristic of the Bragg glass. In contrast, the GK(r) of
the vortex lattice nucleated in the hexagonal-patterned areas
oscillates at long distances around a finite value, smaller than the
value of 1 corresponding to a perfect geometrical lattice. This
result shows that the hexagonal superficial Fe structure induces
long-range positional order on the vortex structure. As men-
tioned, the bulk pinning induces random nonaccumulative vortex
displacements around the geometrical sites of a perfect lattice.
This finding is in contrast with the accumulative vortex displace-
ments detected in the vortex structure nucleated in pristine
regions.

The vortex displacements around the sites of a perfect hex-
agonal lattice are approximated with a Gaussian distribution
with mean value �. Within this approximation, the saturation at
long distances of GK(r) � exp(�(K.�)2�2) �1 � 1�2(K.�)2 �0.43
allows us to estimate an average displacement � �0.15 �m, of the
order of the dots radius, RD � 0.13 �m. This result supports the
idea that the displacements induced by bulk pinning are confined
to amplitudes within the range of the pinning force induced by
the Fe dots.

The one-to-one correspondence between Fe dots and vortices,
the suppression of the dilute density of dislocations, and the
random displacements of vortices around the geometrical sites of
the periodic pinning strongly suggest that the Bragg glass-like
structure is unstable in the presence of a weak perfectly hexag-
onal perturbation. Moreover, the standard deviation of the

Fig. 4. Vortex structure interacting with a periodic hexagonal pinning
potential. (a) Magnetic decoration of the Bi2Sr2CaCu2O8 vortex structure
field-cooled at 30.9 G nucleated in pristine regions and in the presence of a
hexagonal superficial pinning potential (dark areas) for the first matching
field. The compact planes of the lattice in both regions are depicted with
white-dotted lines. In the patterned regions they coincide with the principal
directions of the hexagonal pinning structure. (b) Delaunay triangulation of
the vortex structure where non-6-fold coordinated vortices are depicted in
gray.

Fig. 5. Effect of the hexagonal pinning acting on the vortex structure. (a)
Magnetic decoration of the Bi2Sr2CaCu2O8 vortex structure field-cooled at
30.9 G nucleated in the neighborhood of a hexagonal superficial pinning
potential (darker region). The positions of the electron-beam lithographed Fe
dots are superimposed with circles. (b) Positional correlation functions of the
vortex lattice nucleated in pristine and patterned regions. In the first case, the
fitted algebraic decay (dotted line) indicates that the order of the vortex
structure is compatible with the quasi-long-range positional order character-
istic of the Bragg glass. In the second case, the oscilation around the value of
0.43 at long distances reveals that the structure has long-range positional
order.

4 of 5 � www.pnas.org�cgi�doi�10.1073�pnas.0408016102 Fasano et al.



first-neighbors distance distribution, �, is 18% smaller for the
vortex structure nucleated in patterned regions than for that
nucleated in pristine regions (see Fig. 6 a and b).

This behavior confirms that the displacements of vortices with
respect to a perfect hexagonal lattice are decreased as compared
with that of the Bragg glass-like structure. The random noncor-
related displacements of vortices around the sites of a perfect
lattice are easily interpreted as caused by a Debye–Waller factor
with an effective temperature that simulates the effect of the
randomly distributed bulk pinning. The localization of vortices
within the diameter of the Fe dots is consistent with the proposed
collective response of the vortex structure. Within this picture,
the Debye–Waller temperature associated with bulk disorder
should decrease by decreasing the Fe dots radii. This effect is

evident from the RD evolution of the standard deviation of the
first-neighbors distance distribution (see Fig. 6c).

Conclusions
We have engineered periodic and nonperiodic surface pinning
potentials interacting with 3D superconducting vortex struc-
tures. In the experiments, the length of vortices was orders of
magnitude larger than the height of pinning centers. In this way,
a weak pinning potential was introduced at the extremities of a
collection of interacting strings nucleated in the presence of the
quenched atomic disorder of the superconducting crystal. The
distortion of the Abrikosov crystal associated with bulk pinning
gives rise to a structure characterized by quasi-long-range posi-
tional and long-range orientational correlation, consistent with
the proposed Bragg glass. As would be expected, the superficial
potential has no detectable effect on the vortex structure except
at rather stringent conditions.

When the surface pinning pattern has the same positional
correlation function as the vortex system, it is detected that both
structures match. This finding implies that the Bitter pinning
breaks the translational symmetry of the system under different
experimental realizations. Perfect localization of vortices within
the size of pinning sites is detected. On the other hand, when the
superficial pinning structure is periodic the amplification effect
is strong enough to transform the vortex structure with quasi-
long-range positional order into a localized hexagonal lattice
with an effective Debye–Waller factor.

The observation of vortex structures in extended regions of the
surface of a sample has allowed the study and detection of two
types of vortex localizations induced by extremely weak pertur-
bations acting on elastic nonperiodic systems. It is important to
take into account that our conclusions and suggestions are based
on real-space observations of structures that have been frozen
after a first-order phase transition at high temperatures. Then,
it is reasonable to consider whether the amplification effect
induced by matching nonperiodic systems could have an effect
on the temperature where the space-localized vortices (solid)
make the transition into a delocalized system of interacting
strings (liquid). This possible scenario stimulates theoretical and
experimental studies focalized on the detection of a possible
shifting of the melting temperature and on the topological
characteristics of the structural transformation produced at the
liquid–solid-phase transition.
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Comisión Nacional de Energia Atómica) for providing the samples. This
work was supported by Agencia Nacional de Promoción Cientı́fica y
Tecnológica Grant PICT99-5117 and the Fundación Antorchas.

1. Abrikosov, A. A. (1957) Soviet Physics JETP 5, 1174–1182.
2. Blatter, G., Feigel’man, M. V., Geshkenbein, V. B., Larkin, A. I. & Vinokur,

V. M. (1994) Rev. Mod. Phys. 66, 1125–1388.
3. Giamarchi, T. & Bhattacharya, S. (2002) in High Magnetic Fields Applications

in Condensed Matter Physics and Spectroscopy, ed. Berthier, C. (Springer,
Berlin), pp. 314–362.

4. Giamarchi, T. & Le Doussal, P. (1994) Phys. Rev. Lett. 72, 1530–1533.
5. Safar, H., Gammel, P. L., Huse, D. H., Bishop, D. J., Rice, J. P. & Ginsberg,

D. M. (1992) Phys. Rev. Lett. 69, 824–827.
6. Pastoriza, H., Goffman, M. F., Arribere, A. & de la Cruz, F. (1994) Phys. Rev.

Lett. 72, 2951–2954.
7. Zeldov, E., Majer, D., Konczykowski, M., Geshkenbein, V. B., Vinokur, V. M.

& Shtrikman, H. (1995) Nature 375, 373–376.
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Fig. 6. Vortex localization induced by the dots of the hexagonal pinning. (a
and b) Distribution of first-neighbors distance for the vortex structure nucle-
ated in pristine (a) and patterned (b) regions with standard deviations �P and
�D, respectively. (c) Evolution of the normalized standard deviation �D��P as
a function of the radius of dots, RD. The line between points is a guide for the
eye.
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